8 USA 9 10 keywords: mechanosensitive channel, Arabidopsis, mitochondria, chloroplast, reactive oxygen 11 species 12 13 2 ABSTRACT 14 15 Plant development requires communication on many levels, including between cells and between 16 organelles within a cell. For example, mitochondria and plastids have been proposed to be sensors 17 of environmental stress and to coordinate their responses. Here we present evidence for 18 communication between mitochondria and chloroplasts during leaf and root development, based 19 on genetic and physical interactions between three Mechanosensitive channels of Small 20 conductance-Like (MSL) proteins from Arabidopsis thaliana. MSL proteins are Arabidopsis 21 homologs of the bacterial Mechanosensitive channel of Small conductance (MscS), which relieves 22 cellular osmotic pressure to protect against lysis during hypoosmotic shock. MSL1 localizes to the 23 inner mitochondrial membrane, while MSL2 and MSL3 localize to the inner plastid membrane 24
Topology prediction and multiple sequence alignment. Sequences of EcMscS, AtMSL1 127 (Uniprot Q8VZL4), AtMSL2 (isoform 1, Uniprot Q56X46) and AtMSL3 (Uniprot Q8L7W1) were 128 obtained from Uniprot (The UniProt Consortium, 2017) . Mature MSL1 was defined as the protein 129 remaining after cleavage of the mitochondrial transit peptide at (Lee et al., 130 2016)), while mature MSL2 and MSL3 were defined as the protein remaining after cleavage of the 131 predicted chloroplast transit peptide at Arg-75 (AFR↓CH) and Arg-70 (SSR↓CN) respectively 132 (Haswell and Meyerowitz, 2006) . Transmembrane domains and overall topology were predicted 133 with Aramemnon (Schwacke and Flügge, 2018) . Amino acid sequences were aligned using Clustal 134 Omega 1.2.4 and default settings (Sievers and Higgins, 2018) . Percent identity and similarity were 135 calculated as number of identical or similar residues in the alignment divided by the total number 136 of positions in the alignment, including gaps.
138
Generation and validation of msl1 msl2 msl3 triple mutant and msl1 msl2 msl3 + MSL1g 139 complementation lines. The msl1 msl2 msl3 triple mutant was generated by crossing the msl1-1 140 mutant (first reported in (Lee et al., 2016) ) to the msl2-3 msl3-1 double mutant (first reported in 141 (Wilson et al., 2011) ). Triple mutant plants were identified in the F3 generation by PCR 142 genotyping. A genomic copy of the MSL1 locus (including all sequence from 1207 bp upstream 143 of the ATG to 208 bp downstream of the TAG, including introns) was cloned into the pBGW 144 backbone to make the molecular complementation construct MSL1g (Lee et al., 2016) . To generate 145 homozygous msl1 msl2 msl3 lines complemented with a genomic copy of MSL1 (msl1 msl2 msl3 146 + MSL1g), MSL1g was introduced into the msl1 msl2 msl3 background via Agrobacterium-147 mediated floral dip (Clough and Bent, 1998) . Siblings homozygous for the presence or absence of 148 MSL1g were identified in the T3 as lines exhibiting 100% or 0% Basta-resistance, respectively. 149 All lines were validated by PCR genotyping. The MSL1 locus and our approach to genotyping the 150 genomic locus of MSL1 in the presence of MSL1g are shown in Figure S1 . were collected, vacuum-infiltrated for 4 min in 0.1% weight-to-volume nitro blue tetrazolium in 160 10 mM K2HPO4-KH2PO4 potassium buffer pH 7.8 with 10 mM NaN3, incubated for 1 h in the 161 dark, and then cleared with an ascending series of ethanol solutions (30%, 50%, 70%, 80% and 162 95%). This protocol was adapted from (Hoffmann et al., 2005) . Images of stained seedlings were 163 captured with a dissecting microscope and camera. Hydrogen peroxide detection was performed 164 as described in (Wu et al., 2012) with the following modifications: seedlings were collected, 165 incubated for 3 h in 0.1 mg/ml 3,3-diaminobenzidine pH 3.8, and vacuum-infiltrated for 5 min.
166
Tissue was incubated overnight in the dark and cleared with an ascending ethanol series (30%, 167 50%, 70%, 80% and 95%), then imaged as for superoxide staining above.
169
Mating-Based Split-Ubiquitin System. Physical interactions between MSL1, MSL2, and MSL3 170 were determined using the mating-based split-ubiquitin system described in (Obrdlik et al., 2004) . chloroplast targeting peptide (as defined in (Haswell and Meyerowitz, 2006) ) is shown in green. 209
Loss of MSL1 exacerbates the leaf notching, rumpling and variegation observed in msl2 msl3
210 double mutant plants. In order to address the possibility of coordination between plastids and 211 mitochondria, we first investigated genetic interactions between MSL1, MSL2, and MSL3. To do 212 so, we compared the whole seedling phenotypes of 24-day-old wild type plants, msl1 mutants, 213 msl2 msl3 double mutants, msl1 msl2 msl3 triple mutants, and msl1 msl2 msl3 triple mutants 214 complemented with a transgene containing a genomic copy of MSL1 (msl1 msl2 msl3 + MSL1g) 215 (Figure 2) . As previously reported, msl2 msl3 plants exhibit leaf notching, rumpling and 216 variegation (Wilson et al., 2011) . While plants lacking functional MSL1 appeared wild type, msl1 217 msl2 msl3 triple mutant seedlings showed exacerbated leaf notching, rumpling and variegation 218 compared to msl2 msl3 double mutant seedlings. This effect was suppressed in msl1 msl2 msl3 + 219 MSL1g seedlings, indicating that the increase in phenotypic severity in the msl1 msl2 msl3 triple 220 mutant can be attributed to a defect at the MSL1 locus. observed in msl2 msl3 double mutants. Since the msl1 lesion exacerbated leaf phenotypes in the 229 msl2 msl3 background, we hypothesized that the same would be true for other msl2 msl3 230 phenotypes, including the production of meristematic callus previously observed in msl2 msl3 231 10 seedlings grown on solid media (Wilson et al., 2016) . Seedlings were grown vertically on solid 232 media for 19-21 days at 21°C under a 16-hour-light regime and the shoot apex examined ( Figure   233 3). Under these conditions, msl1 seedlings were indistinguishable from the wild-type and 234 meristematic calluses were not observed in either background. Consistent with our earlier report, 235 callus-like growth at the shoot apex was observed in ~70% of msl2 msl3 seedlings. Unexpectedly, 236 no callus was formed in over 180 msl1 msl2 msl3 triple mutant plants examined. Instead, shooty 237 outgrowths at the meristem were observed in 40-60% of these seedlings. Shooty outgrowths were never observed in msl2 msl3 plants, nor in msl1 msl2 msl3 + MSL1g plants, and the production of 239 callus was recovered in msl1 msl2 msl3 + MSL1g seedlings (88 of 131). Thus, MSL1 is required 240 for the formation of callus in msl2 msl3 mutants, and in its absence, shoot-like growths are formed. were grown on solid media for 21 days and stained with 3,3'-diaminobenzidine (DAB, which 247 indicates H2O2) or nitrotetrazolium blue chloride (NBT, which indicates O2 -) (Figure 4) . As 248 previously observed, levels of NBT and DAB were higher in msl2 msl3 mutants shoot apices than 249 in the wild type. Single msl1 mutants were indistinguishable from the wild type. In the apices of 250 msl1 msl2 msl3 triple mutants, DAB and NBT staining were greatly reduced compared to msl2 251 msl3 double mutants. In addition, strong meristematic DAB and NBT staining was recovered in formation in msl1 msl2 msl3 plants can be attributed to the absence of apical O2accumulation 257 when MSL1 is mutated. We note that NBT (but not DAB) staining in the cotyledons and leaves of 258 the msl1 msl2 msl3 triple mutant was elevated compared to all other genotypes (Figure S2) . 259 260 msl2 msl3 mutants have shorter roots and few lateral roots per unit length, and MSL1 is 261 partially required for these root defects. Only aerial phenotypes of the msl2 msl3 mutant have 262 been documented. To begin to assess root phenotypes in this mutant, we grew seedlings vertically 263 on solid media for 13 days. As shown in Figure 5 , msl2 msl3 seedlings had primary roots averaging 264 1.4 cm in length, over 4 times shorter than Col-0 roots, which averaged 6.8 cm. Additionally, msl2 265 msl3 mutants formed very few lateral roots, averaging 0.39 lateral roots/cm compared to the wild 266 type average of 2.4 lateral roots/cm. We further observed that msl1 mutant roots were 6.3 cm long 267 and had 2 lateral roots/cm on average, comparable to that of wild type. msl1 msl2 msl3 mutant 268 roots were significantly longer than those of msl2 msl3 seedlings with an average root length of 2.6 cm. They also had an average of 2.4 lateral roots/cm, statistically grouping with the wild type 270 and significantly different from the average for msl2 msl3 seedlings. msl1 msl2 msl3 + MSL1g 271 seedlings had shorter root lengths averaging 1.3 cm that statistically grouped with those of msl2 272 msl3 seedlings. They had an average of 1.3 lateral roots/cm, intermediate between that of msl2 273 msl3 and wild type, and in a statistically separate group. In summary, the primary roots of msl2 274 msl3 seedlings are shorter than the wild type with fewer lateral roots per cm. Further, MSL1 is 275 required for the observed short root phenotype, and appears to be involved in the reduction in Mating them to a strain with an empty NubG vector did not. We observed that MSL1-Cub-LexA 290 interacted with MSL1-NubG, but not with MSL2-NubG nor MSL3-NubG. On the other hand, 291 MSL2-Cub-LexA interacted strongly with MSL2-NubG and MSL3-NubG. MSL3-Cub-LexA only 292 interacted with MSL2-NubG. In summary, MSL1 and MSL2 interacted with themselves, as 293 expected for the monomers of multimeric channels. MSL2 and MSL3 also interacted with each 294 other, implying the formation of heteromeric channels in the chloroplast envelope. However, 295 MSL1 did not interact with MSL2 or with MSL3, and MSL3 did not interact with itself. , 2006) ). While msl1 mutant plants have no obvious developmental phenotype, msl2 305 msl3 mutants exhibit crumpled, variegated, and notched leaves and after growth on solid media 306 they produce callus at the shoot apex. Double msl2 msl3 mutants also accumulate ROS at the shoot 307 apex. Here we document two additional phenotypes in the msl2 msl3 mutant, including a shorter 308 primary root and reduced number of lateral roots than the wild type. In addition, we found that 309 introducing the msl1 allele into the msl2 msl3 background exacerbated leaf phenotypes but 310 ameliorated callus production, ROS accumulation, and the root phenotypes. There are multiple molecular explanations for genetic interactions between proteins localized to 313 different compartments. One possibility is that they are actually not in different compartments; 314 that MSL1 could move to the chloroplast or MSL2 can move to the mitochondrion. Dual targeting 315 to both the mitochondria and the chloroplast has been observed for many plant proteins but is 316 difficult to predict (Carrie:2013kh; Xu et al., 2013) . We have not observed dual localization in our 317 experiments with MSL1-, MSL2-, or MSL3-GFP fusion proteins, but it remains a possibility that 318 protein levels below the level of detection are dual localized. We considered the possibility of the 319 formation of heteromeric channels, which might explain cross-organelle effects with very low 320 levels of dual-targeted proteins. However, in our mbSUS experiments, we did not observe any 321 interactions between MSL1 and MSL2 or MSL3, though we did see robust interaction between 322 MSL2 and MSL2, and also strong interaction between MSL2 and MSL3 (Figure 6) . Whether 323 MSL3 forms a homomeric channel or is only able to form a heteromeric channel with MSL2 324 remains to be determined. Taken together, these data suggest that the observed genetic interactions 325 between MSL1, MSL2, and MSL3 are unlikely to be mediated by direct protein-protein 326 interactions.
328
Instead, the MSL1/2/3 genetic interactions we observed may reflect an interaction between two 329 organelle signaling pathways that impinge on developmental outcomes such as leaf and root 330 morphology and the differentiation of cells at the shoot apex. Double msl2 msl3 mutant plastids 331 are enlarged under osmotic stress. We've previously shown that the resulting phenotypes can be 332 suppressed by growth on osmotica, establishing that they are produced in response to plastid 333 osmotic stress. All aspects of the msl2 msl3 phenotype: leaf morphology (Figure 2) , ectopic callus 334 (Figure 3) , ROS accumulation (Figure 4) , and short root and low number of lateral root 335 phenotypes (Figure 5) were altered in the absence of MSL1, indicating that the signal or signals 336 that induce these phenotypes require the presence of MSL1 and thus go through the mitochondria.
337
Our current working hypothesis is that that msl2 msl3 mutant plastids produce or potentiate an 338 osmotic stress signal that requires MSL1 function in the mitochondria for its production or action.
339
When MSL1 is absent, the osmotic stress signal generated in the plastids is not propagated, With respect to callus production, one mechanism by which mitochondria might affect plastid 343 osmotic stress signaling is through the modulation of ROS levels. We previously showed that ROS 344 accumulation in the shoot apex leads to and is required for apical callus formation in msl2 msl3 345 plant, (Wilson et al., 2016) . Furthermore, msl1 mutants show increased mito-roGFP signal in 346 response to multiple abiotic stresses, indicating that the mitochondrial glutathione pool is oxidized 347 under these conditions (Lee et al., 2016) . We proposed that MSL1 is required to prevent over-348 reduction of the respiratory chain and ROS production under conditions of high membrane 349 potential. The data presented here suggest that a mitochondrial signal associated with MSL1 350 functions upstream of meristematic superoxide accumulation and the production of callus that is 351 caused by osmotically stressed plastids in the msl2 msl3 mutant. One possibility is that osmotically 352 stressed plastids in some way induce a ROS-related stress signal in mitochondria, which turn leads 353 to the accumulation of ROS in meristematic cells and the production of callus. We propose that 354 in the absence of MSL1, the signal from plastids is not efficiently received or propagated, perhaps 355 because msl1 mutant mitochondria are unable to normalize their own ROS levels and therefore 356 have an abnormal response to a subtle ROS signal from osmotically stressed plastids.
358
To summarize, we show here that the loss of MSL1 can attenuate or exacerbate the developmental 359 effects of plastid osmotic stress observed in the msl2 msl3 mutant. We hypothesize a signaling 360 relationship between the two organelles that impacts a range of developmental processes, from 361 cell identity at the shoot apex to the elaboration of lateral roots. Additional experiments are needed 362 to determine how osmotically stressed plastids lead to these developmental phenotypes, and why 363 many of them are modulated by the presence of mitochondrial MSL1. 
